Porous aluminum oxide membranes with a complete and even covering of alumina nanowires were formed in a one-step anodization process in dilute phosphoric acid electrolyte. The anodizing conditions can be adjusted to start forming alumina wires that originate on the surface of the porous alumina layer at the triple junction points (the edges of the hexagonal inter-pore structure where three pores meet). The wires tangle together as they become longer; eventually creating a tangled mesh layer above the porous oxide layer. SEM micrographs of the oxide cross section show tapered wires that are approximately 2 to 10µm long, depending on anodizing time, and range in width from a few nanometers to 50nm. The aluminum substrate can be chemically removed and the alumina barrier layer dissolved to leave a free standing porous alumina membrane with very high surface area alumina wires on one face. Some possible future applications of this high surface area structure involve filtration of liquids and gasses, combined with chemical functionalization on the large surface area.
INTRODUCTION
Much interest is being given to the use of anodized aluminum oxide (AAO) membranes for filtration purposes, as a possible substitute for current synthetic filtration techniques that mostly rely on nuclear tract etching of polymers to create a torturous path with uneven pore distribution [1] . AAO membranes can be grown in even matrices of parallel pores, all having similar pore diameters that are controlled by the electrolyte and anodizing voltage [3] . There has been much study done on the formation of these pores in the three most common electrolytes: sulfuric acid, oxalic acid, and phosphoric acid [3, [8] [9] [10] [11] [12] . Phosphoric acid as an electrolyte provides the self-ordering formation of relatively large pores (150-300nm diameter) compared to other more commonly studied electrolytes such as sulfuric or oxalic acids (15-50nm diameter). The concern with phosphoric acid is that the high voltages used result in a sensitive balance of anodizing conditions to achieve a well ordered structure without etching. The common remedy is to anodize at 0-3˚C [2] , slowing down the reaction rate, and permitting maximum voltages (i.e. largest pores). As grown, these pores have a non porous barrier layer at the interface between the oxide and metal, attaching the oxide to the metal surface. Both the barrier layer and aluminum substrate are removed to make a through porous filtration membrane. Figure 1 shows the three layers of the oxide system: pores, barrier layer, and metal substrate. Three possible processes for the separation of the porous oxide which appear in the literature are: a voltage reduction sequence, chemical removal, and subsequent anodizing in a solution of 2,3-butadione. Voltage reduction is performed by a slow, c) b) a) Figure 1, a) shows the structure of the porous layer above the shaded barrier layer on the aluminum substrate. b) as the pores grow longer they are widened by chemical dissolution during anodization from the electrolyte. c) after the pores are fully widened the triple junctions are left as the pore walls dissolve around them leaving the wire structure during anodization.
controlled reduction in the anodizing voltage that promotes the growth of decreasingly smaller pores into the barrier layer (i.e. lower voltage produces a thinner barrier layer and smaller pores) until the barrier layer disappears and the oxide falls off [1] . Chemical removal is the method we use to detach the oxide from the metallic aluminum substrate. It involves first masking the top surface of the oxide with a layer of clear acrylic (nail polish) to protect its features, then dissolving the aluminum metal in a solution of acidic copper-chloride, and chemically dissolving the barrier layer in a solution of phosphoric acid at 40˚C. The nail polish is then easily removed by dissolving in acetone leaving no polymer residue [6] , resulting in a free-standing membrane "mat" of alumina nanowires. The third method of membrane separation is to do a final anodization in a solution of HClO 4 and (CH 3 CO) 2 for 3 seconds at a voltage 5V higher than the anodizing voltage of the primary electrolyte solution; this is reported to cause complete separation of the membrane from the barrier layer [7] .
There has been some recent work in the synthesis of alumina nanowires formed by chemical etching a previously formed AAO layer in a NaOH solution after anodizing [4] , or chemical etching of specially formed Y branches at the bottom of the pores after dissolving away aluminum to expose the barrier layer [5] . Our alumina nanowires are formed differently and create a very different shape on the surface. The wires form uniformly over the entire porous surface, originating at the triple junction points (figure 2), and collapse onto one another to form a mesh structure above the pores (figure 3-5). This structure shows promise in holding large particles above the pores so that the fluid can flow around them, thus not clogging the pore structure.
EXPERIMENTAL
The anodizing was formed on 99.999% pure aluminum discs that are first electro polished in a 1:3 solution of perchloric acid and ethanol at 20V and 6˚C for 2 minutes. Anodizing was done with an electrolyte solution of 0.1M H 3 PO 4 at room temperature and a constant DC voltage of 160V which experimentally correlated to the maximum pore size at room temperature for this electrolyte. Anodizing time and pore widening were adjusted to study the formation of the alumina nanowires. One step anodizing with durations greater than 8 hours were performed to obtain the start of nanowire formation. Length of the wires was increased with longer anodizing time. Shorter anodizing times of less than 5 hours were followed by a pore widening step in the same solution or a more concentrated 0.5M H 3 PO 4 solution for times ranging from 1 to 6 hours, in an attempt to form the same structure as the long anodization. For convenience, most of the SEM imaging was done using AAO arrays, in which the oxide was left on the metal substrate. Cross sectional images and measurements were obtained on the SEM by cutting the AAO array samples and looking at the stress cracking produced by the cutting action-not the actual cut surface.
A chemical dissolution process was used to produce the AAO membranes. The top surface of the oxide is protected with a layer of clear acrylic (nail polish). Then the aluminum metal is dissolved in a solution of acidic copper-chloride. Next, the barrier layer is dissolved in a solution of 0.5M phosphoric acid at 40˚C until the membrane changes from opaque to translucent. The nail polish is then removed by soaking in acetone, leaving a through porous AAO membrane with wires remaining on one surface.
RESULTS AND DISCUSSION
Nanowires of aluminum oxide were observed to form on a porous layer after anodizing in dilute phosphoric acid at the above conditions for more than 8 hours. As the pores grow, the pore walls are slowly attacked by chemical dissolution thus widening the pores. The triple point intersections of the pore walls are geometrically thicker areas of oxide and thus the last sections to dissolve in the widening process (figure 2). Our results show that the wires are not formed solely due to chemical widening: samples anodized for only 3 hours and left in the same solution to pore widen for 6 hours without current do not show a wire structure as does a sample with a 9 hour anodization. The exact method of wire formation is not known, but we hypothesize some possible mechanisms for their growth. We do know that (1) an electric field is needed to see the wire growth, (2) longer anodizing times give longer, thinner wires that quickly taper to a uniform thickness of a few nanometers and stay constant, and (3) lateral dissolution of pores is faster than the vertical dissolution. We propose that this accelerated lateral dissolution is possibly due to electric field assisted dissolution polarizing the Al-O bonds, lowering the activation energy required to break them. Another possibility that may contribute to the wire formation is a pH gradient along the length of the pores that favors dissolution at the top of the pore, but quickly dissipates as the wires break away and reach into the electrolyte bath. It is possible that the triple junction points may have a different, less soluble crystal structure, more resistant to attack than the rest of the porous AAO layer-possibly due to compressive stresses at the triple junction during formation. This is consistent with reports in the literature [14] [15] [16] that discuss oxide morphologies formed during anodizing and differentiate multiple phases of Al 2 O 3 throughout the oxide. The main difference in structure is reported to be between the porous layer and denser barrier layer, but at least three different types of oxides have been reported: a hydrated oxide, crystalline γ -Al 2 O 3 , and amorphous Al 2 O 3 . It is conceivable that the triple junctions are of a different crystal structure than the rest of the porous layer. This may explain why the wires quickly taper from a 50nm width to only a few nanometers and then remain that width for the rest of their length. Further investigation into this is necessary and is planned. Figure 6 shows the start of wire formation. The star shaped structures at the end of the wires are the remains of the triple junction points at the formerly fully widened pore surface. Notice that these star shapes are located at the same planer surface and some have yet to separate, holding the top of the wires in their original pore shape. This demonstrates the above statement that the pores are dissolving faster laterally, formation is observed to initiate further down in the pores. Once the pores separate and grow longer they collapse onto one another and the star shaped top dissolves to a thin wire. Figure 7 shows a cross sectional view of the porous structure with the wires on its surface.
CONCLUSIONS
Our results show that an alumina nanowire structure can be formed on the surface of a porous AAO membrane through a one-step chemical dissolution while anodizing process. These wires range from a few nanometers to 50nm in width and form a mesh type structure at the top of the porous membrane (separated from the underlying substrate and barrier layer). Results also show that the wire formation is dependant on the presence of an electric field, in that this structure is not observed by pore widening through chemical dissolution alone. By controlling the duration of anodization, the length of the wires can be controlled. More study is needed on the effect and range of electrolyte concentration to form these wires, as well as pore widening (and other) techniques to learn more on the underlying mechanism of the formation process.
